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Introduction
Tuberculosis (TB) is now a relatively uncommon disease in high income countries. As such, its diagnosis may be missed or delayed resulting in death before or shortly after the introduction of treatment. Whether early TB death is associated with increased TB transmission is unknown. To determine the transmission risk attributable to early TB death we undertook a case-control study.
Methods
All adults who were: (1) diagnosed with culture-positive pulmonary TB in the Province of Alberta, Canada between 1996 and 2012, and (2) died a TB-related death before or within the first 60 days of treatment, were identified. For each of these "cases" two sets of "controls" were randomly selected from among culture-positive pulmonary TB cases that survived beyond 60 days of treatment. "Controls" were matched by age, sex, population group, +/-smear status. Secondary cases of "cases" and "controls" were identified using conventional and molecular epidemiologic tools and compared. In addition, new infections were identified and compared in contacts of "cases" that died before treatment and contacts of their smearmatched "controls". Conditional logistic regression was used to find associations in both univariate and multivariate analysis.
Results
"Cases" were as, but not more, likely than "controls" to transmit. This was so whether transmission was measured in terms of the number of "cases" and smear-unmatched or -matched "controls" that had a secondary case, the number of secondary cases that they had or the number of new infections found in contacts of "cases" that died before treatment and their smear-matched "controls".
INTRODUCTION
Tuberculosis (TB) is a relatively uncommon disease in high-income countries like Canada and the United States, where crude incidence rates in 2012 were 4.8 and 3.2 per 100, 000 population, respectively [1, 2] . As a result, the diagnosis of TB can be missed or significantly delayed increasing the likelihood of morbidity and mortality in incident cases. Those most at risk of increased morbidity and mortality from TB are the elderly, in whom timely diagnosis is further challenged by atypical presentations [3] [4] [5] [6] . Death before treatment is clearly a missed diagnosis, without assigning responsibility. Death in the initial phase of treatment is usually TB-related and therefore indicative of delayed diagnosis [7, 8] . Whether, in addition to poor individual outcomes early TB death results in poor public health outcomes as measured by an increased number of secondary cases or other transmission events, is unknown. One study involving 40 cases diagnosed after death, suggested that transmission was limited [9] . In that study, which used both conventional and molecular epidemiologic methods, only 3 cases could be linked by molecular epidemiologic methods alone to one or more secondary cases. On one hand, persons with a missed or delayed diagnosis may be expected to have more advanced disease and therefore be more infectious at presentation; on the other hand, those who die before or shortly after treatment is initiated may be expected to be older, co-morbid and possibly socially isolated, limiting the number of opportunities for transmission [5, 10] . Independent of early death, older TB patients are less likely to transmit [11, 12] . If, however, they infect older contacts, those contacts may be more likely to progress to disease on account of existent co-morbidities or intolerance to treatment of latent TB infection (LTBI). Herein we seek to address the question of whether early TB death is associated with increased transmission.
In the Province of Alberta, Canada which had a population 3,888,700 in 2012 (Statistics Canada), TB occurs mostly in two minority groups: (i) the foreign-born and (ii) Registered First Nations. First Nations are Native Americans; those that are registered according to the Indian Act of 1876 are 'Registered' or 'Status' Indians. They comprise 81% of all First Nations in Canada. Outside of these minority groups the age-and sex-adjusted incidence of TB was less than 1 per 100,000 person-years between 1998 and 2008 [13] . Within the province, the TB program is delivered out of three public health clinics, with medical expertise provided by a small group of university-based pulmonary and infectious disease physicians. Respiratory isolation of infectious cases and directly observed therapy are standard practice. HIV sero-prevalence is low and multidrug-resistant (MDR) TB is rare [14, 15] . The present study identifies all adults diagnosed in Alberta, Canada, with culture-positive pulmonary tuberculosis who died from TB either before or within the first 60 days of treatment [16, 17] . Transmission events from these "cases" and two randomly selected groups of "controls" were then compared using conventional and molecular epidemiologic methods to determine the effect of early TB death on transmission.
METHODS
This study was approved by the Health Research Ethics Board, Panel B, at the University of Alberta. Consent was not obtained due to the retrospective nature of these data. All patient data was anonymized and de-linked prior to analysis.
All patients meeting the Canadian case definition of TB and diagnosed in the Province of Alberta are notified in a Provincial Registry [18] . Since 1996 this Registry has included information about treatment outcome and place of residence (postal code) in addition to demographic, clinical and laboratory information. Demographic information includes age, sex and population group (Canadian-born Aboriginal as defined by the Constitution Act of 1982, Canadian-born non-Aboriginal and foreign-born). Clinical information includes disease site (pulmonary vs. extra-pulmonary) and disease type (new active vs. relapse/retreatment). Laboratory information includes smear status (pulmonary cases), culture status, drug susceptibility test and DNA fingerprint results on initial isolates of Mycobacterium tuberculosis, plain chest radiographic pattern (normal or abnormal; if abnormal, cavitary or non-cavitary) and HIV status. Treatment outcome information includes whether the case is a TB death, defined as dying with TB before or during treatment of TB. TB deaths are further categorized into those in whom death was related to TB (TB was either the primary or a contributory cause of death) or those in whom death was unrelated to TB [18] . In addition to the above case-related information, the Provincial Registry also contains information about contacts of cases.
Over the 17 year period, 1996-2012, all adults (age >14 years), with culture-positive pulmonary TB who died a TB-related death before or within the first 60 days of treatment were identified in the TB Registry described above. These TB deaths are hereafter referred to as "cases" and their early death is interpreted to be indicative of missed or delayed diagnosis. To measure the effect of early TB death on TB transmission, we randomly selected a comparison group of "controls" from among those who had survived beyond 60 days of treatment. "Controls" were matched by age (+/-5 years), sex and population group. Population group is an important variable because in Alberta Aboriginal people are more likely, and foreign-born people less likely, to transmit than others [12] . In addition, because sputum smear positivity and cavitation on chest radiograph are known to be risk factors for TB death in low TB incidence/low HIV prevalence countries such as Canada [16, [19] [20] [21] [22] [23] [24] , we anticipated that our "controls" might transmit less because they were less likely to have these features; sputum smear positivity and cavitation on chest radiograph also known to be independent risk factors for transmission [25] [26] [27] . To control for the effect of these features on transmission from "cases" and "controls" we randomly selected a second set of "controls", this time matched for smear status and/or cavitation in addition to age, sex and population group. Control selection was performed using random sample selection without replacement in SAS (version 9.3).
Once "cases" and "controls" were identified, their contact lists were assembled and crossreferenced against the Registry to identify any secondary cases [18] . Secondary cases among those identified as close and casual/other contacts are described as: type 1, individuals diagnosed with active TB either 6 months before or 24 months after the date of diagnosis of the "case" or "control" (the transmission window), who were culture-positive and who had an isolate of M. tuberculosis that matched (DNA fingerprint) that of the presumed source case (see below), or type 2, individuals notified with active disease within the same transmission window but who were culture-negative (mainly children). The date of diagnosis of "cases" and "controls" is defined as the start date of treatment or the date of death in the event the patient died before treatment could begin. To allow for the possibility that cases who died an early TB death had incomplete contact lists, secondary cases of "cases" and, "controls" were searched for among notified cases of TB in the province who were culture-positive, had a DNA fingerprint matched isolate of M. tuberculosis, and were temporally (diagnosed in the same 30-month transmission window) and spatially (they lived in the same forward sortation area [FSA] as determined by the first three digits of their postal code) linked to the "case" or "control". An FSA is a geographic unit associated with a postal facility from which mail delivery originates. In 2011 there were 153 FSAs in Alberta and 80,948 postal codes. FSAs vary in size; the largest are in rural areas [28] . These, if present, were called type 3 secondary cases. Secondary cases that were diagnosed before the date of diagnosis of the "case" or "control" had to have had primary disease. In the event that a "case" or a "control" was themselves a secondary case of someone else, transmission events attributed to them were scrutinized for plausibility to ascertain whether their "secondary cases" were not more appropriately attributed to their own source case. "Case" and "control" groups were then compared for transmission events resulting in secondary cases. "Case" transmitters and their secondary cases are described.
The rationale behind the choice of a 30-month transmission window within which contacts could become a type 1 or 2 secondary case was as follows. It was anticipated that most contacts that were destined to become a secondary case would do so within the period of time extending from 6 months before to 24 months after the date of diagnosis of their source "case" or "control" as the risk of disease after infection is known to be highest during this period of time. Further, it was anticipated that those contacts who were determined to be newly infected but without disease, would be offered treatment of LTBI or alternatively, followed over the subsequent 24 months. The chosen transmission window also allowed that contacts of "cases" and "controls", each of which may have been diagnosed in a different calendar year, could be followed over a comparable period of time. Nevertheless, for purposes of establishing the validity of the 30-month transmission window, a sensitivity analysis was performed in which all contacts, regardless of the date of diagnosis of their source "case" or "control", were followed out to December 31 st , 2013; i.e. the temporal restriction on contact follow-up was lifted. No geospatial restriction was placed upon the contacts. It was judged that if, in sensitivity analysis, few if any additional secondary cases were found among contacts, it would be unlikely that more type 3 secondary cases would be found outside the transmission window, as by virtue of not having been identified as contacts, they would have been beyond the reach of preventive measures and therefore yet more likely to develop disease within the transmission window. Finally, to further establish whether early TB deaths ("cases") were as, if not more, likely than their "controls" to transmit, the contacts of those "cases" that died before treatment and their age, sex, population group and smear-matched "controls" were grouped according to whether or not they were completely assessed and if completely assessed whether or not they were listed as a having a new positive tuberculin skin test (TST) or a TST conversion. The proportions of completely assessed contacts of "cases" and "controls" that had a new positive TST or a TST conversion were also compared.
DNA fingerprinting methodology
Isolates of M. tuberculosis from all culture-positive cases of TB diagnosed in the Province of Alberta are routinely fingerprinted using standardized restriction fragment-length polymorphism (RFLP), supplemented in those isolates with five or fewer copies of the insertion sequence 6110, by spoligotyping [29, 30] . Images were digitized using the imager video camera system (Appligene, Illkirch, France). Digitized gel images were analyzed using Gelcompar II software (Applied Maths, Kortrijk, Belgium). The analysis is performed on coded specimens in blinded fashion. All isolates matched as identical by computer were manually confirmed by visually comparing the original autoradiographs. Between 1996 and 2012, 99.3% of all initial isolates of M. tuberculosis (n = 1978) were DNA fingerprinted. From July to December 1995 and January to December 2013, months that were included in the transmission windows of some "cases" and "controls", 100% of isolates were DNA fingerprinted.
Statistical analysis
Conditional logistic regression is used to examine the association between outcome and transmission with risk factors in univariate analysis and multivariate analysis. Odds ratios and 95% confident intervals were calculated. All statistical analyses were carried out by SAS.
RESULTS
In Alberta, between 1996 and 2012, 144 of the total of 2429 individuals diagnosed with TB (5.9%), died before or within the first 60 days of treatment (see Fig. 1 ). Of the 144 early TB deaths, 111 (77.1%) were TB-related and of the 111 TB-related deaths, 65 (58.6%) had culturepositive pulmonary TB and were over 14 years of age (see Table 1 ). Among these early adult culture-positive pulmonary TB deaths 15 (23.1%) died before treatment and 50 (76.9%) died within the first 60 days of treatment. These individuals comprise the "cases" in this case-control study. Most were older (74% were >64 years of age), male (60%) and either Canadian-born Aboriginal or foreign-born (89%), see Table 2 .
Compared to "controls", "Cases" were 1.3 times (p = 0.11) more likely to have smearpositive disease but no more likely to have cavitary disease (Table 2) . Accordingly, to control for any effect of smear status on transmission a second set of "controls" was randomly selected, this time being matched by smear status in addition to age, sex and population group ( Table 2) . "Cases" were less likely than smear-matched "controls" to have relapse/retreatment disease and "cases" were less likely than both sets of "controls" to be HIV tested (33.8% of "cases" vs 57.7% of unmatched "controls" vs 47.7% of matched "controls", respectively). Among those who were HIV tested there was a trend toward "cases" being more likely than "controls" to be HIV positive (13.6% of "cases" vs 4.0% of unmatched "controls" vs 4.8% of matched "controls"), but the numbers were small. "Cases" were no more likely than "controls" to have MDR-TB. The mean, median, and interquartile range (IQR) diagnosis year for "cases" was 2003.9, 2004 and 7, respectively; for unmatched "controls" 2004.2, 2005 and 10, respectively; and for matched "controls" 2003.3, 2003 and 10, respectively. Among "controls" that were unmatched and matched for smear status 9 (6.9%) and 8 (6.2%), respectively, died after the first 60 days of treatment with TB as a primary or contributory cause of death. To strengthen any conclusions that might be drawn about transmission from "cases" and "controls", the analysis was performed using both sets of "controls".
Before running the analysis, contact lists of "cases" and both sets of "controls" were assembled and organized by age, sex and "case"/"control" smear status (see Table 3 ). With just two exceptions there were no differences in the mean and median number of close contacts of "cases" and "controls". The two exceptions were the number of close contacts of "controls" over 4 years of age and the number of close male contacts of "controls" matched for smear, where the number of contacts of "controls" was less than the number of contacts of "cases". The number of casual/other and total contacts of "cases" was greater among "cases" that were >4 years of age, "cases" that were both male and female and "cases" that were smear-positive, when compared to their corresponding "controls". Among "cases" that died before treatment (n = 15) and "cases" that died within the first 60 days of treatment (n = 50), there were no significant differences in the mean/median/IQR number of close (15.4/11/10 vs 15.1/10/11, p = 0.93) or casual/other contacts (16.5/7/28 vs 31.0/13/37, p = 0.30).
Among the contacts of both "cases" and "controls" there were not many type 1, 2 secondary cases. Out of the total of 65 "cases" only 4 (6.2%), had type 1 or 2 secondary cases. Out of the total of 130 unmatched-for-smear and the total of 130 matched-for-smear "controls" only 5 (3.8%) and 4 (3.1%), respectively, had type 1 or 2 secondary cases (see Table 4 ). As well, very few "cases" and "controls" had type 3 secondary cases; only 1 "case" and 3 unmatched-forsmear and 2 matched-for-smear "controls" had type 3 secondary cases. Neither the number of Table 1 . Adult culture-positive pulmonary TB cases that died either before or within the first 60 days of treatment, according to time of death and cause of death ("cases" in the case-control analysis).
Cases
Cause of death of pulmonary TB cases Total n (%) TB was the primary cause of death n (%) TB was a contributory cause of death n (%) "case" and "control" transmitters nor the number of type 1, 2 or 3 secondary cases they had (8, 9 and 6 secondary cases from "cases" and unmatched and matched "controls", respectively), was significantly different. "Case" transmitters and their type 1, 2, and 3 secondary cases are described in detail in Table 5 . All were 64 years of age, smear-positive and co-morbid. All died within the first 30 days of treatment. In none did it appear chemotherapy was a contributor to death. In sensitivity analysis, only one additional secondary case was found among the contacts of "cases" (a type 1 secondary case that was diagnosed 5.8 years after a "case" that had previously been identified as a transmitter) and only one additional secondary case was found among the contacts of "controls" (a type 2 secondary case that was diagnosed 3 years after a (25) 32 (25) 32 (25) Canadian-Born Non-Aboriginal 7 (11) 14 (11) 14 (11) Foreign matched-for-smear "control" that had not previously been identified as a transmitter). These results further validated our methodology and lent support to our conclusions. Finally, evidence of infection (new positive TST or TST conversion) rather than disease (secondary case) was analyzed among the close and casual/other contacts of "cases" that died before treatment and their smear-matched "controls". The mean and median age of these "cases" was 76.6 and 77 years, respectively; 40% were smear-positive (see Table 6 ). Among completely assessed close and casual/other contacts, the proportion with a new positive TST or TST conversion was not significantly different in "cases" or "controls".
DISCUSSION
In this study we began with the assumption that early TB death is a proxy for missed or delayed diagnosis of TB. An early TB death was defined as an adult culture-positive pulmonary TB "case" that died before or within the first 60 days of treatment (initial phase), with TB Table 3 . Identified contacts of "cases" and "controls" by age, sex and smear status of source case or control.
Characteristics
"Case" contacts "Control" Contacts understood to be either the primary or a contributory cause of death. We found that "cases" were as likely, but not more likely, than age (+/-5 years), sex, population group and smearstatus unmatched or matched "controls", to transmit. This was so whether transmission was measured in terms of the number of "cases" and "controls" that had a secondary case, the number of secondary cases that they had, or the number of new infections (new positive TSTs or TST conversions) that were found in close and casual/other contacts of those who died before any treatment. Although there was a trend towards early TB deaths being more likely to transmit to their contacts (4/65 "cases" [6.2%] vs 5/130 unmatched [3.8%] and 4/130 matched [3.1%] "controls", respectively, had one or more type 1 or 2 secondary cases), this finding was not statistically significant. Nor was it supported by our type 3 secondary case (DNA fingerprint-matched cases that could be temporally and spatially linked to an early TB death, the inference being that they were unidentified contacts) analysis, where only 1 "case" and 3 smearunmatched and 2 smear-matched "controls" had one or more secondary cases. That neither "cases" nor "controls" had many secondary cases, types 1, 2 or 3, is perhaps best explained by the age and population group of both "cases" and "controls"; most were >64 years of age (~75%) and foreign-born (65%). Below we ask whether it is indeed reasonable to assume that early TB deaths had a missed or delayed diagnosis and if so why they do not appear to transmit any more than their "controls". Given the preventable and curable nature of TB we believe it makes sense to interpret the early death of our "cases" as a diagnostic delay. Our "cases" were: (i) significantly less likely than their smear-matched "controls" to have relapse or retreatment disease, disease types that warn of TB, (ii) 1.3 times more likely than smear-unmatched "controls" to be smear-positive suggesting more advanced disease, and (iii) in contact with more persons than their "controls" suggesting a longer period of activity prior to diagnosis, though it is safe to assume that many TB deaths were hospitalized prior to diagnosis where it may be predicted large numbers of susceptible (and possibly vulnerable) contacts would be exposed over relatively short periods of time [5, [31] [32] [33] . In low TB incidence/low HIV prevalence countries the risk of a TB patients' dying is increased if they have been symptomatic for >4 weeks [23, 24, 34] . But can we say that "cases" were symptomatic longer than their "controls"? Our transmission results suggest otherwise. The apparent contradiction between a "case" having a missed or delayed diagnosis and a "case" being no more likely than a "control" to transmit is best explained by differential comorbidity rates in the two groups. If, as a group, our TB deaths were more likely than their "controls" to have co-morbidities, they would be less able to compensate for any delay, however long, or complication. A similar delay, with similar transmission, might result in early TB death in a co-morbid "case" but not in a non-co-morbid "control". Although information on co-morbidities was not systematically collected in our study, differential co-morbidity rates are highly likely given that non-infective co-morbidities such as malignancy, renal disease, malnutrition, etc are risk factors for TB death in low TB incidence/low HIV prevalence countries, and given that the primary cause of death in 50 (76.9%) of our early TB deaths was a medical condition other than TB [10, 19, 20, 23, [35] [36] [37] [38] . Among co-morbidities those that are risk factors for reactivation of LTBI serve the pathogen but not the host; if those same co-morbidities are risk factors for death (especially in the elderly), they serve neither the pathogen nor the host. 18 Not excluded is the possibility that co-morbid "cases" even if symptomatic for longer than "controls", may be less able to generate a cough aerosol because of weakness, reduced cough reflex, dehydration etc [39] . Many years ago Stead et al demonstrated very convincingly that elderly debilitated pulmonary TB patients have the ability to transmit [40, 41] . Their observations were confirmed in our own study where five early TB deaths, all 64 years of age, were shown to have secondary cases and where fifteen early TB deaths (those that died before any treatment; mean and median age 76.6 and 77 years, respectively) were shown to be just as likely to infect contacts as were their "controls". That early TB deaths transmitted as much as their "controls" substantiates all earlier claims registered in the literature about transmission from early TB deaths, and the imperative to make a timely diagnosis. It suggests that the screening of contacts of early TB deaths should proceed apace as for any other smear and/or culture-positive pulmonary TB case.
Obvious limitations of our study include the relatively small number of early adult culturepositive pulmonary TB-related deaths (n = 65), especially the number that died without any treatment (n = 15) and the assumptions that we made in lieu of actual data on the co-morbidity rate and living arrangements of "cases" and "controls" at the time of diagnosis. With respect to the former, information on co-morbidities was not systematically collected during the years of the study. With respect to the latter, we did not know what proportion of "cases" versus Table 6 . Tuberculin skin test results in contacts of "cases" that died before treatment (n = 15) and their matched (for age, sex, population group and smear status) "controls" (n = 30).
Results
Contacts of "Cases"
Contacts of "Controls" "controls", were institutionalized at the time of diagnosis. In particular, were they hospitalized and if so for how long? In another Canadian study, Xie et al reported that, among cases diagnosed after death, 75% were hospitalized prior to death, several for periods of two weeks or more [33] . Institutionalization prior to death might explain why those of our early TB deaths that died without any treatment had just as many contacts as their "controls". In San Francisco, DeRiemer et al found that those diagnosed after death had significantly fewer contacts than those diagnosed alive [9] . However, the design and context of their study and our own may not be comparable. In summary, in a low TB incidence/low HIV prevalence country, pulmonary TB patients that die before or in the initial phase of treatment and pulmonary TB patients that survive beyond the initial phase of treatment, are equally likely to transmit. Differential co-morbidity rates might explain why early TB deaths do not transmit more than "control" patients who are not early TB deaths. Early TB death is doubly bad; it is a most unfortunate outcome for the individual and it is a contributor to the persistence of TB in low incidence countries.
